• We investigated the influence of Thelephora terrestris, an ectomycorrhizal fungus, on the concentration of nitrogen in needles of Pinus sylvestris L. seedlings and their mycorrhizal structure within four seasons of growth.
INTRODUCTION
In Poland, the aim of the afforestation plan is to reforest about 1 million ha of soil not cultivated by farmers by 2020 (Fonder, 2002) . The establishment and performance of planted tree seedlings can be significantly affected by ectomycorrhizal fungi (Dunabeitia et al., 2004; Le Tacon et al., 1994; Pera et al., 1999) . Ectomycorrhizal symbiosis plays a major role in two plant processes: hydro-mineral nutrition and the portioning of C within the plant, with some ultimately being transferred to ectomycorrhizal fungi (Simard et al., 2002) . Ectomycorrhizal plants often have higher nutrient contents than non-mycorrhizal plants, especially when grown in soils with low nutrient availability (Jones et al., 1990) . According to Rousseau et al. (1992) the presence of ectomycorrhizal mycelium (including emanating elements) is strongly correlated with P nutrition in young trees. * Corresponding author: d.hilszczanska@ibles.waw.pl Ectomycorrhizal species, or even strains, differ with respect to their effectiveness in promoting the growth and nutrition of trees. Alongside the abundance of ectomycorrhizae, the amount and degree of differentiation of extrametrical mycelium is a very important ecological factor underpinning tree performance (Colpaert et al., 1992; Thomson et al., 1994) .
Ectomycorrhizal species such as Laccaria laccata, Hebeloma crustuliniforme and Thelephora terrestris are the most common colonizers of Scots pine seedlings in bare root nurseries (Hilszczańska, 2004; Rudawska et al., 2001; Stenström, 1991; Unestam and Sun, 1995) . In Poland, particularly high numbers of T. terrestris ectomycorrhizae have been found on seedlings originating from nurseries that have a large acreage and have been used for a long time (twenty years or more) (Kowalski, 1997; Rudawska et al., 2001) . The expansionist character of T. terrestris may reflect the existence of an exploration type of extrametrical mycelium. Agerer (2001) found that T. terrestris is a representative of the medium-distance smooth exploration type, and can thus derive nutrients and water over long distances in soils.
The ubiquitous nature of the T. terrestris fungus and its numerous ectomycorrhizae on seedlings in Polish nurseries were the main factors prompting investigations as to how mycorrhization and different levels of fertilizer use change: (1) the concentration of nitrogen in seedling needles, (2) the mycorrhizal structure within four years of seedlings being planted out. The results obtained were considered likely to be helpful in estimating the advantages of artificial mycorrhization where the performance of Scots pine planted on post-agricultural land was concerned.
MATERIALS AND METHODS

Growth of seedlings
Seeds of Scots pine (P. sylvestris L.) were taken from the Gene Bank in Kostrzyca, Poland, and their surface sterilized for 15 min in 30% hydrogen peroxide. They were then sown in containers (Root Trainer, v = 123 cm 3 ) holding a previously autoclaved mixture of peat moss and vermiculite (2:1, v:v) fertilized with Osmocote, which consisted of 47.7% ammonium and 52.6% nitrate. The pH of medium was 4.1. Two different nutrient supply rates of 0.030 and 0.045 g N per seedling were applied at the time seeds were sown. The experiment was carried out in a growth chamber with a day/night rhythm of 18/6 h and 22/15
• C, and at least 70% relative air humidity. Fungal isolate used to inoculation was grown on Melin-Norkrans medium (MMN) at 25
• C for 14 days. The inoculation of seedlings took place 28 days after sowing with blended mycelium of Thelephora terrestris (Erhr.) Fr. (Tt/IBL/747), each seedling receiving 5 mL of mycelium suspended in deionised water (0.025 g of mycelium per plant). Half of the containers with seedlings were not inoculated with mycorrhizal mycelium. Seedlings were thus grown in four treatments: (I) inoculated + 0.030 g N, (II) inoculated + 0.045 g N, (III) non-inoculated + 0.030 g N, (IV) non-inoculated + 0.045 g N. Treatment III was taken to be the point of reference. Six months after inoculation, 15 seedlings from each treatment were taken for the determination of N concentrations in needles, as well as analysis of the degree of mycorrhizal colonization.
The following year, the beginning of spring 2004, we planted the seedlings on post agricultural land in Jablonna Forest District. Within this area, mean annual precipitation is about 522.8 mm and average temperature during the growing season ca. 8.4
• C. The land had been abandoned for more than a 1-year period prior to our study. The site was characterized by sandy soil, corresponding to the vacciniomyrtilliosa forest type. Planting was carried out by way of a randomised block design, with four replicate blocks containing each of the four treatments (Fig. 1) , as previously. Before seedlings were planted, each plot 0.0021 ha in size (3 m × 7 m) was ploughed in 3 rows to ca. 12 cm deep with a forestry plough and 30 seedlings were planted in beds of rows with 1.5 m × 0.7 m spacing. This land was 1 ha in size and the experimental plots were placed amongst the seedlings that originated from the bare-root nursery. After the first growing season (2004) 
Analyses
Ectomycorrhizal development
After the first (2004) and third (2006) year, samples of plants (16 per treatment) were collected to determine the composition of the ECM communities and whether T. terrestris mycorrhizae were present. Prior to the investigation, each root system was excised from the stems and gently washed in tap water. Ectomycorrhizal tips were identified by the presence of mantle (colour, shape and surface texture), external hyphae, a slightly swollen apex and mycelial strands (Harley and Smith, 1983) . Total numbers of vital mycorrhizal root tips per seedling were counted, the tips being counted and distinguished using available identification manuals (Agerer, 1987 (Agerer, -2006 Rambold, 2004-2007) . In order to confirm that morphotyping was performed accurately, 22 mycorrhizal tips from all treatments were taken for DNA analysis with PCR RFLP method, conducted in the Institute of Biology and Biochemistry. The fungal specific primer ITS1-F (Gardes and Bruns, 1993) and universal primer ITS 4 (White et al., 1990) were used for amplification by PCR and for sequencing. DNA sequence data were compared with sequence data in the NCBI database (BLAST program, http://www.ncbi.nlm.nih.gov/). In the case of a morphotype which did not match any of those presented in cited material and the sequencing of DNA failed, was classified as unidentified. Data from sequencing are presented at Table II.
Analysis of soil
Soil samples (cores taken to a depth of 20 cm at 5 different locations) were collected in April 2004. Soil pH KCl and the quantities of the basic nutrients were determined for a one mixed sample (Tab. I). The amount of N was analyzed according to the Kjeldahl method, while contents of the other nutrients were identified using the ICP method (inductively coupled argon plasma spectrometer) following mineralization in a mixture of nitric and perchloric acids.
Analysis of needles
Shoots were cut off and dried at 70 • C, before needles from four seedlings per treatment were collected and ground up. Needle samples were taken from four randomly selected seedlings in each treatment. The amount of N in each sample was analyzed using the Kjeldahl method (Kjeldahl digest with ammonia and orthophosphate read on an auto-analyzer).
Statistics
Data were analysed using Analysis of Variance in the statistical package STATISTICA (StatSoft). Prior to analysis, arcsine transformations were performed on percentages of mycorrhizae. Indication of significance is given against untransformed values. Differences amongst means were evaluated with the LSD-test (Sokal and Rolhf, 1995) . A correlation between the amount of N in needles and the number of ectomycorrhizae was tested for using a non-parametric Spearman test.
RESULTS
The dry weight of shoot showed no significant change due to treatments except for two-year-old seedlings. The seedlings from higher N treatments had significantly greater shoot biomass, irrespective of inoculation (Tab. III). Differences in growth between years observed only after the last year of experiment. After the first season (in laboratory conditions), irrespective of treatment, N concentrations ranged from 22.13 to 23.89 g × kg −1 (Tab. IV). In all treatments, the N concentration in needles exceeded the range established for Scots pine seedlings (Bergmann, 1992) . There was no statistically significant difference between the treatments. After second growing season the N concentration in needles also did not differ significantly between the treatments.
Following the planting-out of seedlings, the comparison of the N concentrations in the needles of four-year-old seedlings revealed statistically significant differences. For four-year-old seedlings the highest N concentration was present in these of treatment IV, while the lowest was observed in the needles from treatment II seedlings. Treatment IV was significantly different from all others treatments (Tab. IV, value in bold).
Seedlings from these treatments were initially grown at a higher level of N in the medium and seedlings in treatment II were also inoculated. Opposite relationships were noted with respect to the number of ectomycorrhizae on roots of seedlings from the treatments in question. The number of ectomycorrhizae and concentration of N in needles (Fig. 2) were negatively correlated (r 2 = 0.7491; r = −0.8655; p = 0.0000; Y = 23.8493 − 0.0098 * X).
In all treatments, the presence of ectomycorrhizae pointed to vital colonization of roots by ectomycorrhizal fungi following seedling outplanting (Tab. V). Roots of two-yearold seedlings from treatment III had the greatest, and those from treatment IV the smallest number of ectomycorrhizae. Ectomycorrhizae were less numerous on the seedlings from treatments grown with an initially higher level of N fertilizer. After four seasons of growth, there was no statistically significant difference in the number of ectomycorrhizae between treatments (Tab. V). Share of ectomycorrhizae of different fungal taxa changed with seedling age (Fig. 3) . Two-year-old seedlings had been colonized by at least six different fungi, i.e. Cenococcum geophilum, Hebeloma sp., Rhizopogon sp., Suillus bovinus, Thelephora terrestris and an unidentified species. Treatments I and II were dominated by the ectomycorrhizae of T. terrestris (Tab. II). On four-year-old seedlings, the number of T. terrestris ectomycorrhizae was significantly higher than on two-year-olds with the exception of treatment I (Fig. 3) . The same was true for ectomycorrhizae of S. bovinus in treatments I and II. Ectomycorrhizae created by Hebeloma sp. and C. geophilum were absent on four-year-old seedlings, their niche was replaced with mycorrhizae created by fungi from Thelephoraceae (Fig. 3) .
DISCUSSION
Ectomycorrhizal abundance and seedling age were negatively correlated with N concentrations in needles. In the case of inoculated seedlings there was an especially strong negative correlation between numbers of ectomycorrhizae and N concentrations in needles (r 2 = 0.8417; r = −0.9174; p = 0.0000; Y = 24.5414 − 0.0109 * X). This fact may be related to the location and storage of N in external mycelium. The external mycelium plays a major role in the accumulation of assimilated N, and would seem to be an important feature building fungal biomass (Wallander et al., 1999) . Nitrogen located in external hyphae and unavailable to plants is probably used in the building of chitin, structurallybound proteins, excreted enzymes (Wessels, 1993) and excreted amino acids. In culture experiments (Hobbie and Colpaert, 2003) , lower rates of N supply were found to result in greater allocation to mycorrhizal fungi and a corresponding decrease in N in needles.
A concentration of N only half as high in mycorrhizal plants as in non-mycorrhizal ones is common in field studies at sites of low N availability (Michelsen et al., 1996; 1998; Nadelhoffer et al., 1996) . It is possible that direct N uptake by plants is more important, in particular during the first weeks after inoculation, when the hyphal network is not yet fully developed (Hobbie and Colpaert, 2003) .
In our experiment, seedlings were fertilized regularly for three months and, when exposed to higher doses of N, gained less benefit (with respect to the number of ectomycorrhizae) than was to be noted in treatments with lower doses. Opposite results were reflected in the shoot biomass for two-year-old seedlings whereas at the first and the fourth season fertilization did not effect the growth of Scots pine seedlings (Tab. III). This is in agreement with findings of Väre (1990) , who found that different doses of N fertilization had no effect on growth of Scots pine seedlings. Nitrogen nutrition research has always been subjected to conflicted results that may be caused by differences in the nitrogen nutrition of mycorrhizal fungal species and their isolates (Termorshuizen and Ket, 1991) . Some authors found greater below-biomass of plants at low N availability (Colpaert et al., 1999; Raich and Nadelhoffer, 1989) but even if the below-biomass was greater there was no significant differences in the above-ground biomass (Hobbie and Colpaert, 2003) .
The results of the work described here point to a positive role of T. terrestris in the colonization of roots following the planting-out of seedlings on former farmland. T. terrestris and other Thelephoraceae were observed to readily replace Hebeloma sp. and C. geophilum. Similar results were obtained by Guidot et al. (2003) , in relation to the replacement of H. cylindrosporum ectomycorrhizae. This may suggest that these fungi are poor competitors that can only thrive in species-poor communities. Naturally, the land we studied differs in many aspects from typically forest lands. However, even in seemingly undisturbed forest ecosystems, the occurrence of ectomycorrhizal species, characterized by genets which form small patches of fruit bodies and only occurred during one season has also been reported (Gherbi et al., 2003; Redecker et al., 2001) . Since it is known that mycorrhizae are short-lived structures, being continuously replaced by new myccorhizae on the same roots (Persson, 1979; Sanantonio and Sanantonio, 1987) , it has always been implicitly assumed that the fungal species already present on roots contributed predominantly to the formation of the new mycorrhizae. Our results show that this may not always be true and that a species that occupies a significant part of the roots can be completely eliminated and replaced in the 'next generation' of mycorrhizae. The new mycorrhizae could be created by fungal species capable of rapidly colonizing empty niches, for instance, by means of spores. Such a scenario is particularly likely if mature forests are located in the vicinity of postagricultural lands. A new question thus arises regarding the consequences of this process for the further performance of seedlings. It is still unclear if increases in N availability affect the fungi directly, or whether changes in community structure are mediated via the host plant. Any species which rely upon the ectomycorrhizal mycelium to colonise new tips and which are sensitive to increasing N, would be at a competitive disadvantage under conditions of high N availability (Erland and Taylor, 2002) . Moreover, is has been concluded that nitrogen deposition could alter plant community composition by changing the community of mycorrhizal fungal symbionts (Aerts, 2002; Rilig et al., 2002) .
